Major cognitive and emotional faculties are dominantly lateralized in the human cerebral cortex. The mechanism of this lateralization has remained elusive owing to the inaccessibility of human brains to many experimental manipulations. In this study we demonstrate the hemispheric lateralization of observational fear learning in mice. Using unilateral inactivation as well as electrical stimulation of the anterior cingulate cortex (ACC), we show that observational fear learning is controlled by the right but not the left ACC. In contrast to the cortex, inactivation of either left or right thalamic nuclei, both of which are in reciprocal connection to ACC, induced similar impairment of this behavior. The data suggest that lateralization of negative emotions is an evolutionarily conserved trait and mainly involves cortical operations. Lateralization of the observational fear learning behavior in a rodent model will allow detailed analysis of cortical asymmetry in cognitive functions.
Major cognitive and emotional faculties are dominantly lateralized in the human cerebral cortex. The mechanism of this lateralization has remained elusive owing to the inaccessibility of human brains to many experimental manipulations. In this study we demonstrate the hemispheric lateralization of observational fear learning in mice. Using unilateral inactivation as well as electrical stimulation of the anterior cingulate cortex (ACC), we show that observational fear learning is controlled by the right but not the left ACC. In contrast to the cortex, inactivation of either left or right thalamic nuclei, both of which are in reciprocal connection to ACC, induced similar impairment of this behavior. The data suggest that lateralization of negative emotions is an evolutionarily conserved trait and mainly involves cortical operations. Lateralization of the observational fear learning behavior in a rodent model will allow detailed analysis of cortical asymmetry in cognitive functions.
social fear | anterograde and retrograde tracing E vidence for hemispheric lateralization exists in various cognitive functions and behaviors in humans (1) . In rodents, evidence for cortical lateralization is sparse. Stress-induced neuroendocrine and autonomic responses were shown to be different between left and right medial prefrontal cortex lesions in rats (2, 3) . Infantile handling induced increased locomotion in open field tests after right hemisphere lesions (4) . In the hippocampus, gene expression profiles (5) , receptor expressions (6) , and long-term potentiation/long-term depression and innervation patterns (7) displayed certain hemispheric asymmetries. Right and left hemispheric inactivation impaired learning and expression in spatial navigation, respectively (4) . Although these data are indicative, evidence for the lateralization of complex emotional behavior is still needed.
The processing and expression of negative emotions such as fear display a right hemispheric dominance in humans, as suggested by neuropsychological studies on stroke patients, EEG, and brain functional MRI (8) (9) (10) . To date, however, the mechanisms that lead to hemispheric asymmetry are largely unknown owing to the obvious limitation in experimental manipulations that can be carried out in human subjects. For example, it is not known whether hemispheric lateralization is a cortical process or is already in place at the subcortical level, driving the hemispheric differences in complex information processing.
Fear can be vicariously acquired from social observation of a conspecific's distress (11) . This social fear requires the ability to recognize the emotions and feelings of others, suggesting that observational fear is based on empathy (12) . In a previous study we had developed a behavioral assay for measuring observational fear learning in mice and found that the anterior cingulate cortex (ACC) is involved in this emotional behavior (13) . The ACC has also been implicated in the experience of empathy for pain in humans by brain imaging studies (14) . Abnormalities in the structure or function of ACC have been observed in psychiatric illnesses that are characterized by symptoms of cognitive control, such as schizophrenia, attention-deficit/hyperactivity disorder, autism, and bipolar disorders (15) (16) (17) . In a rare disease, alexithymia patients display an impairment of the ability to identify and communicate one's emotional state (18) . Interestingly, stroke patients developing alexithymia displayed more severe symptoms with a lesion in the right than the left hemisphere (19) .
Therefore, we decided to examine the question of whether ACC control of observational fear learning is indeed lateralized in this mouse model. In addition, we tried to define the connections between ACC and thalamic nuclei in control of observational fear using both anatomical and functional tools. We present evidence that control of observational fear is lateralized to the right ACC, whereas it is distributed at the thalamus.
Results
Lateralization of ACC in Observational Fear Learning. To test the existence of a putative cortical lateralization of observational fear behavior in rodents, we injected lidocaine (4%) through a cannula into either the left or right ACC hemisphere of the observer mice 8 min before observational fear learning ( Fig. 1 A  and B) . Observer mice observed the response of their conspecifics to foot shocks through a Plexiglas partition (9) . A lidocaine injection into the right ACC of the observer mice decreased their freezing level compared with the control mice that were similarly treated with saline ( Fig. 1C) , indicating that the right ACC is involved in observational fear learning. A similar impairment was also observed in the 24-h contextual memory test on the next day (Fig. 1D) . In contrast, a similar inactivation of the left ACC did not affect observational fear learning (Fig. 1E ) and the 24-h contextual memory recall (Fig. 1F ) compared with control mice. These results indicate that the right ACC but not the left is responsible for observational fear learning.
Electrical Stimulation of ACC During Observational Fear Learning. To further examine the ACC asymmetry in social fear learning, we applied unilateral electrical stimulation into the left or right ACC during conditioning. One-hundred-millisecond trains of 100-Hz currents were delivered to the ACC of the observer mice, with 900-ms intertrain intervals, during the 4-min conditioning period when demonstrator mice received foot shocks ( Fig. 2 A  and B) . Stimulation of the right ACC increased observational fear learning of the observer mice (Fig. 2C ) and the 24-h contextual memory (Fig. 2D ) compared with control mice who had the electrode implanted but no current injection. In contrast, stimulation of the left ACC had no effect on conditioning (Fig.  2C ) and the 24-h recall test (Fig. 2D ) compared with controls. Furthermore, total freezing time was increased with electrical stimulation into the right ACC during observational fear learning (Fig. 2E ) and the 24-h contextual memory recall (Fig. 2F) Author contributions: S.K., L.A., and H.-S.S. designed research; S.K., F.M., and S.L. performed research; S.K., F.M., S.L., and H.-S.S. analyzed data; and S.K., F.M., L.A., and H.-S.S. wrote the paper.
The authors declare no conflict of interest. compared with nonstimulated controls or mice with stimulation into the left ACC. Stimulation of the left or right ACC of observer mice without a demonstrator or with a demonstrator but receiving no foot shock during conditioning evoked no freezing behavior in observer mice in both conditioning and the memory recall test (Fig. S1 ). These results indicated that electrical stimulation of the right but not the left ACC during conditioning induces facilitation of observational fear learning, and together with the inactivation studies described above suggested that the control of observational fear learning is lateralized to the right ACC.
Lesion of the Thalamic Regions in Reciprocal Connection with ACC.
All cortical regions receive thalamic afferents and depend on the integrity of this subcortical input. Disruptions of thalamic activities result in phenotypes resembling the disturbance of corresponding cortical regions (20) . Thus, we asked whether the lateralized process observed at the cortical level in social fear is already present at the level of the thalamus. To examine the behavioral consequences of unilateral thalamic lesions, first we characterized the thalamic territories that are in connection with the ACC in mice. We injected the anterograde tracer Phaseolus vulgaris leucoagglutinin (Phal) into the ACC, using the same coordinates as in the lidocaine experiments above ( Fig. 3A and Fig. S2 ). ACC fibers innervated two thalamic regions, the anteromedial thalamic nucleus (AM) (Fig. 3 B and C and Fig. S2 ) and the lateral part of the mediodorsal thalamus together with the adjacent intralaminar nuclei (MD/IL) ( Fig. 3 B and C and Fig. S2 ). A weaker contralateral projection could be observed in case of the ACC-AM pathway. No overt difference was found between the left and right ACC-thalamic connections (Fig. S2) . Injection of the retrograde tracer cholera toxin B subunit (CTB) into ACC labeled thalamic cell bodies in the same termination fields, demonstrating the classic, reciprocal connectivity between a cortical and a thalamic region (Fig. 3 E and H) (21) . In contrast to the ACC-thalamic connection, however, the thalamo-ACC pathway was strictly unilateral.
Control of Observational Fear Is Not Lateralized at Thalamus. On the basis of these anatomical findings, we lesioned the left or right thalamic regions connected with the ACC and then compared their effect on the expression of social fear. For precise post hoc identification of the lesion sites we injected ibotenic acid, which can be visualized by the lack of NeuN staining in the injection site (Fig. 3I) . In some cases, to confirm that the lesioned thalamic region was indeed the part that is in connection with the ACC, we used a combined experimental paradigm in which tract tracing of There were significant differences in the observational training (F 1,13 = 13.877, P = 0.003) and the 24-h contextual memory (F 1,13 = 9.748, P = 0.008). (E and F) Administration of lidocaine into the left ACC before training had no influence on the acquisition of observational fear (F 1,21 = 0.0000000489, P = 1, E) and 24-h contextual memory recall after training (F 1,21 = 0.00194, P = 0.965; F) (lidocaine, n = 11; saline, n = 12). Error bars represent SEM. *P < 0.05, **P < 0.01. ACC fibers (with Phal) was combined with a neurochemical lesion of the thalamus (Fig. 3 I and J) . (Fig. S3) . Only results from those animals in which the lesion was unilateral and its size was larger than 0.1 mm were included in the analysis (11 of 30 animals). Most of these selected lesions targeted either left or right AM and spread into MD/IL to varying extents (Fig. S3 ). Observer mice with ibotenic acid injections in the left or right hemisphere showed significantly decreased freezing behavior compare with those with a saline injection, both in observational fear conditioning (Fig. 4 A and C) and the 24-h memory recall test (Fig. 4 B and D) . The decreased level of freezing cannot be due to a change in the anxiety level or locomotion because the thalamic-lesioned mice showed behavior similar to control mice in the open-field test and the elevated plus maze (Fig. S4) . However, no difference was found between the left and right thalamic-lesioned groups in the freezing level, both in learning (Fig. 4 A and C) and the 24-h memory recall test (Fig. 4 B and D) , indicating that the control of observational fear is not lateralized at the level of the thalamus.
Discussion
Manipulations, both inactivation and stimulation, of the right but not the left ACC modulate observational fear behavior, indicating asymmetrical emotional processing in the mouse cerebral cortex. These results are reminiscent of the right hemispheric dominance in negative emotional processing and expression in humans (8) (9) (10) . This demonstrates that hemispheric lateralization of negative emotions is not unique to humans but is an evolutionarily conserved feature of the mammalian lineage to which both rodents and primates belong.
Unlike in the cortex, however, we did not see evidence for lateralization in the thalamic nuclei that are connected to the ACC in observational fear learning. The sensitivity of social fear to the manipulation of the left thalamus but not the left ACC suggests a possibility that left cortical targets other than the ACC may be involved in this form of emotional learning. Recently it has been demonstrated that the anteromedial thalamic nucleus of mice is one of the few thalamic regions that have quite widespread cortical outputs (22) . This suggests a possibility that the anteromedial thalamus has the potential to influence many cortical regions. Accordingly, besides the involvement of the right ACC, other cortical processing on the left side may be involved in the control of social fear.
Besides the thalamus, the ACC has prominent reciprocal synaptic connections with the amygdala (23) . Our previous results demonstrated that the ACC neuronal activities were synchronized with those of the lateral amygdala at the θ rhythm frequency during observational fear (13) . The existence of functionally lateralized ACC-amygdala connectivity is not known in rodents. However, in adult humans fearful face presentation causes event-related activation in the right amygdala and ACC (24) . A number of other studies also indicated specific involvement of the right amygdala in negative emotional signaling (25) (26) (27) , which suggests-along with the previously mentioned observations-the relevance of a functional asymmetry in the amygdala-ACC connection. Further studies with unilateral amygdala lesions and hemispheric difference in ACC-amygdala synchronization may provide valuable information regarding whether this brain circuit is working in social fear learning unilaterally.
The exact effect of 100-Hz stimulation in the brain is a controversy. High-frequency stimulation in the human subthalamic nucleus (STN) decreased the neuronal firing activity of STN neurons (28, 29) . Recent data, however, suggest that interruption of function may not take place because in the human STN 100-Hz simulation did not silence the activity of STN neurons (30) . In our previous study (31) , high-frequency stimulation in the thalamus did not cause interruption of the function, further suggesting the validity of this approach. Irrespective of the exact mechanisms the electrical stimulation showed a clear lateralized effect, which was in the opposite direction than the inactivation. In addition, there is a possibility that 100-Hz stimulation may induce plastic changes in the ACC, which certainly deserves further attention. However, because the effect of 100-Hz stimulation on acquisition was immediate, long-term plasticity may not explain at least the acquisition of observational fear learning.
In conclusion, the involvement of the right but not the left ACC in observational social fear, but no lateralization at the thalamus, may provide insight into the asymmetrical hemispheric mechanisms underlying psychopathic and mental disorders in humans.
Materials and Methods
Animals were housed with a 12-h light/12-h dark cycle and ad libitum access to food and water. In all experiments, we used adult male C57BL/6J mice, 12 to 15 wk old, and followed the ethical guidelines of the Institutional Animal Care and Use Committee (Key-Sun Kim) in the Korea Institute of Science and Technology and the ethical boards (Emilía Madarász) in the Institute of Experimental Medicine, Hungarian Academy of Sciences.
Observational Fear Conditioning. Observational fear conditioning was carried out according to the procedures described previously (13) . Briefly, the apparatus for observational fear conditioning consisted of two identical chambers (each, 18 × 17.5 × 38 cm) containing a transparent Plexiglas partition in the middle and a stainless steel rod floor (5-mm-diameter rods, spaced 1 cm apart) (which are modified passive avoidance cages; Coulbourn Instruments). Sounds and smells could be transmitted between the chambers under the rod floor. For observational fear conditioning, mice (observer and demonstrator) were individually placed in apparatus chambers for 5 min, and then a 2-s foot shock (1 mA) was delivered every 10 s for 4 min to one of the mice (demonstrator) via a computer-controlled animal shocker (WinLinc; Coulbourn Instruments). To assess contextual memory, we placed the observers back into the training context 24 h after training and observed freezing behavior for 4 min. Fear response was video-recorded and quantified by an experimenter blind to the condition and genotype by measuring the length of the time during which a mouse showed freezing behavior by hand, defined as lack of movement (except for respiratory movements) for longer than 2 s. (Control right, n = 9; lesioned right, n = 22; control left, n = 6; lesioned left, n = 8.) After 1 wk of recovery, the behavioral experiments (observational fear conditioning, 24-h memory recall, locomotor and anxiety tests) were performed on the control and lesioned animals. Then all animals were anesthetized and perfused (see above). The brains were sectioned and extensively washed. Sections were treated first with a blocking solution containing 5% (vol/vol) normal donkey serum (NDS) and 0.5% (vol/vol) Triton-X for 30 min at room temperature, then with a primary antibody against NeuN (mouse 1:3,000) in phosphate buffer (PB) containing 0.1% NDS and 0.1% Triton-X at room temperature for overnight. Next day the sections were extensively washed and incubated in Cy3-conjugated donkey anti-mouse for 2 h at room temperature. After further PB washes, sections were mounted in Vectashield and imaged using an epifluorescent microscope.
Photos were taken using a 5× objective from the thalamus at every 100 μm. Animals were selected for both anatomical and behavioral analysis, in which the lesions were restricted to unilateral AM and/or MD/IL and were larger than 100 μm in diameter. In control groups, one animal was also discarded because of a mechanical lesion caused by the pipette insertion. In the final analysis, the following animals were included: control right, n = 14; lesioned right, n = 6; control left, n = 14; lesioned left, n = 5.
Then the images were placed over the corresponding mouse brain maps (32) in Adobe Photoshop CS4, and the lesioned areas were outlined.
Anterograde and Retrograde Tracing. An anterograde tracer, Phal, and a retrograde tracer, CTB, were iontophoretically injected (7-7 s on/off duty cycle; 3 μA, for 10 min) separately into either right or left ACC (AP 1.1 mm, ML 0.3-0.6 mm, DV 0.5-1.0 mm) of adult male mice under ketamine (75 mg/ kg)/xylazine (5 mg/kg) anesthesia. After 1 wk, the animals were perfused first with saline (0.9%) and then with 4% paraformaldehyde solutions. Then brains were removed and cut into 50-μm-thick coronal sections. Sections were intensively washed with PB and then treated with a blocking solution containing 5% NDS and 0.5% Triton-X for 30 min at room temperature. The primary antibody against Phal (rabbit 1:10,000-20,000) and CTB (goat 1:20,000) was diluted in PB containing 0.1% NDS and 0.1% Triton-X. After primary antibody incubation (1 d at room temperature or 2 to 3 d at 4°C), sections were treated with either Alexa 488-conjugated goat anti-rabbit IgG or Cy3-conjugated donkey anti-goat (respectively) for 2 h at room temperature. Mice with ibotenic acid injection into right thalamic nuclei (n = 6) 1 wk before training exhibited impaired acquisition compared with those receiving saline injections into right thalamus (n = 11) in observational fear (F 1,15 = 12.307, P = 0.003, A) and 24-h contextual memory test (F 1,15 = 11.295, P = 0.004, B). (C and D) Unilateral injection of ibotenic acid into left thalamic nuclei (n = 5) also caused impaired observational fear learning during training (F 1,14 = 27.979, P < 0.001; C) and 24-h contextual memory (F 1,14 = 16.245, P = 0.001; D) compared with those receiving saline injection into left thalamus (n = 11). There was no difference between the left and right thalamic lesioned groups in the freezing level in the learning (A and C) (F 1,9 = 0.000995, P = 0.976) and the 24-h memory recall test (B and D) (F 1,9 = 0.488, P = 0.502). Error bars represent SEM. *P < 0.05, **P < 0.01.
